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Abstract 
Land Use Regression (LUR) models are applied to derive spatial information on NOx air concentration for Poland, 
with 1km x 1km grid resolution for years 2005 and 2008. The LUR results are cross validated with the leave one out 
approach and compared with the output of the FRAME atmospheric transport model. The LUR and FRAME 
modelled spatial patterns of NOx concentrations are similar, with the grid-to-grid correlation coefficient at 0.89 in 
2005 and 0.84 for 2008. The LUR approach showed higher concentrations than FRAME, with a mean grid-to-grid 
difference of 0.9 and 2.2 μg for year 2005 and 2008. Missing emission sources may be the main reason for the better 
performance of the LUR models, compared to FRAME. Regression model can response to the gaps in emission 
inventory by adjusting the regression coefficients, while physical models show lower air concentrations resulting in 
larger errors. It should also be noticed that the cross validation approach, used for evaluation of the LUR models, and 
direct model-measurement comparison applied for error assessment in case of FRAME, are not directly comparable, 
with the latter being more demanding. 
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1. Introduction 
Spatial data on air concentrations of various atmospheric pollutants, including NOx, SO2, PM10 and 
VOC, is important for the protection of human health and of natural or seminatural ecosystems. Spatial 
patterns of air pollutant concentrations at regional scale can be derived by various methods, with complex 
atmospheric transport models (ATM) being the most widely used [1]. ATMs require a significant amount 
of input data and are computationally demanding, especially if high spatial resolution is needed over a 
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large study area. Simple and faster methods, supported by GIS, including land use regression models 
(LUR), might therefore be efficient and useful in calculating spatial information on air pollution 
concentrations[2]. LUR models are often applied to provide information on atmospheric pollutant 
concentrations over the cities[3]. However, several authors used the LUR in more regional studies, e.g. 
over the United Kingdom[4], or Europe[5]. 
In this paper, LUR models are applied to derive spatial information on NOx air concentration for 
Poland, with 1km x 1km grid resolution for years 2005 (58 measuring sites) and 2008 (104). The LUR 
results are cross validated with the leave one out approach and compared with the output of the Fine 
Resolution Atmospheric Multi-pollutant Exchange ATM (FRAME). 
2. Data and methods 
2.1. NOx air concentration measurements 
For year 2005, measurements from 58 sites were used for spatial interpolation of the annual average 
NOx air concentration (Fig. 1), for cross-validation of the interpolation results and evaluation of the 
FRAME model. For year 2008, data from 104 sites were available. All sites were tested for data 
completeness, and the threshold of acceptance was set at >90%. The spatial distribution of the measuring 
sites for both selected years had a strong tendency for clustering. This can be described with the average 
nearest neighbor Z score statistics, which are equal to -2.0 and -4.8 for year 2005 and 2008, respectively. 
The Z score statistics are statistically significant with p-value <0.05. 
 
 
Fig. 1 NOx air concentration measuring sites used for LUR spatial interpolation, cross-validation and evaluation of the FRAME 
model. 
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2.2. Spatial interpolation algorithms 
Regression-based algorithms for spatial interpolation, like LUR, use additional auxiliary variables in 
interpolation procedure. In this section, the set of potential spatial predictors, which was developed and 
used for interpolation, is described. Following is the description of the LUR interpolation procedure that 
was used here for calculation of the spatial patterns of NOx air concentrations in Poland. 
2.2.1. Auxiliary spatial variables 
All auxiliary variables used for the spatial interpolation of NOx air concentration were derived from 
maps of road network, traffic intensity, location of main point-source emissions, NOx emission from area 
sources, land use and digital elevation model. The easting and northing coordinates were also used as 
potential independent variables in regression analysis. All predictors were calculated with 100m x 100m 
grid and, afterwards, aggregated into the final resolution applied for interpolation, which was 1km x 1km 
grid. Several predictors were also filtered with the focal statistics (FS) function. Sum, average and 
weighted average values were used for FS, with the neighborhood sizes of 500, 1000, 5000 and 10000m. 
Annual average wind frequency from a given direction was used for weighted average calculations. The 
windroses were prepared individually for year 2005 and 2008. The spatial predictors used for 
interpolation are summarized in Table 1. 
Table 1. Auxiliary variables used for LUR interpolation 
No Description Background data FS used 
1 Total road length by type within a given 
neighborhood size 
Road map Sum, sum weighted by wind 
direction frequency 
2 Traffic intensity by road type within a given 
neighborhood size 
Road map with traffic 
intensity data 
Sum, sum weighted by wind 
direction frequency 
3 Distance to the road by type Road map - 
4 Sum of natural areas within a given neighborhood 
size 
Corine Land Cover map Sum, sum weighted by wind 
direction frequency 
5 Sum of urban fabric within a given neighborhood 
size 
Corine Land Cover map Sum, sum weighted by wind 
direction frequency 
6 Sum of continuous urban fabric within a given 
neighborhood size 
Corine Land Cover map Sum, sum weighted by wind 
direction frequency 
7 Average population density within a given 
neighborhood size 
Population density map Average, average weighted by 
wind direction frequency 
8 Emission of NOx, from main point sources 
weighted by distance 
Map of the NOx point-source 
emission 
- 
9 NOx emissions from area sources Map of the NOx emission 
from area sources 
Average, average weighted by 
wind direction frequency 
10 Elevation Digital elevation model 
(SRTM) 
- 
11 Easting and northing coordinates - - 
2.2.2. Specification of the LUR model 
LUR algorithm used here for spatial interpolation is based on linear multiple regression model. The 
independent variables for the regression equation were selected with the stepwise method from the group 
of predictors described in the previous section. Because of the limited number of NOx concentration 
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measurements (especially in year 2005), the maximum number of independent variables used in the 
regression model was limited to five. The regression models were tested for collinearity using the 
variance inflation factor statistics, and the redundant predictors were removed. All variables included into 
final regression models were statistically significant with p-value <0.05. 
The regression models were also tested for their physical reliability. The direction of the relation 
between the given predictor and measured NOx concentration, described with the regression coefficient, 
was interpreted in terms of known physical relation between the predictor and interpolated phenomena. 
This was justified, among others, by the strong tendency for clustering of the measuring sites and, 
therefore, application of the LUR model for extrapolation rather than interpolation. For example, the 
positive regression coefficient was expected for the predictor describing the traffic intensity. Traffic is an 
important source of NOx, therefore, it is expected that the increasing intensity of the road transport will 
amplify the nitrogen oxides concentrations.  
2.3. The FRAME model 
The spatial patterns of NOx concentrations calculated with LUR were compared with the results of the 
Fine Resolution Atmospheric Multi-pollutant Exchange (FRAME) model. FRAME is a Lagrangian ATM 
that can provide annual average information on concentration of atmospheric pollutants, taking as input 
information the emission and meteorological conditions [6,7]. The specific settings of Poland in the 
model domain, together with appropriate emission inventory and meteorological data, were used here [8]. 
The preliminary version of the model, working with 1km x 1km grid, was applied to derive spatial 
information on annual NOx air concentrations. 
2.4. Evaluation of the interpolation and FRAME results 
The LUR models were evaluated with the cross-validation (CV) procedure. CV is an iterative 
algorithm. Each time, one measuring site is removed, regression parameters are calculated with the 
remaining data, and the regression model is used to calculate NOx air concentration for the site not used in 
the LUR model specification. The procedure is repeated for all measuring sites. The CV error for a given 
site is calculated as a difference between the value calculated with LUR model specified without this site, 
and the measurement. The FRAME modelled air concentration of nitrogen oxides were compared directly 
with the measurements for all sites. The error for a given site was calculated as a difference between the 
modelled and measured value. Error statistics were calculated to compare the LUR and FRAME 
performance, including: 
 Mean bias (MB), calculated as a mean value of error, 
 Mean absolute error (MAE), calculated as a mean of absolute error values, 
 Root mean squared error (RMSE), 
 Pearson correlation coefficient (R). 
3. Results 
For year 2005, three independent variables were statistically significant and in expected physical 
relation with the measured NOx air concentration: emissions from the area sources, sum of continuous 
urban fabric and emissions of NOx from the main point sources weighted by distance. The same 
predictors were statistically significant for year 2008, together with total road length by type. Adjusted R2 
calculated for year 2005 was 0.70 and 0.54 for year 2008. 
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Table 2. Summary of the LUR and FRAME error statistics 
Statistics LUR 2005 FRAME 2005 LUR 2008 FRAME 2008 
MB (μg) 0.01 -4.59 0.00 -2.41 
MAE (μg) 3.81 5.63 3.70 4.64 
RMSE (μg) 5.17 7.30 4.53 6.24 




Fig. 3 LUR (left) and FRAME (right) modelled annual NOx air concentrations for year 2005 (top row) and 2008 (bottom). 
The cross-validation results for the LUR models reveal that there is no tendency for underestimation or 
overestimation of the measured NOx concentrations, with MB close to zero for both years analysed (Table 
2). The FRAME calculated results are lower than the measured NOx concentrations, especially for year 
2008. The mean error statistics are lower for the LUR than for FRAME model. 
The LUR and FRAME modelled spatial patterns of NOx concentrations are similar (Figs. 2 and 3) and 
both models show the highest concentrations close to the low elevated area emission sources (mainly in 
cities and along the main roads). The grid-to-grid correlation coefficient is 0.89 in 2005 and 0.84 in 2008. 
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The LUR model shows larger areas of high concentrations. In FRAME, the road network is clearly visible 
and well separated from the background concentrations. The LUR approach shows, on average, higher 
concentrations than FRAME, with a mean grid-to-grid difference (LUR - FRAME) of 0.9 and 2.2 μg for 
year 2005 and 2008, respectively. The country average NOx air concentrations calculated with LUR is 8.5 
μg m-3, and respective value for year 2008 is 9.9 μg m-3. However, the FRAME calculated maximum 
values (46.3 μg m-3 for year 2005 and 56.2 μg m-3 for 2008) are higher than calculated with LUR (42.0 μg 
m-3 and 35.3 μg m-3, respectively). 
4. Summary and conclusions 
Two entirely different methods have been used for assessment of the spatial patterns of annual average 
NOx air concentrations – the Land Use Regression (LUR) method and Lagrangian atmospheric transport 
model FRAME. The analysis was performed at the country level of Poland, for two selected years that 
vary significantly in terms of the number of measuring sites and their location. The two methods applied 
resulted in quite similar spatial patterns of NOx air concentration, quantitatively summarized by the high 
grid-to-grid correlation coefficients. On average, the LUR approach gives higher air concentrations than 
FRAME. However, FRAME provides higher maxima than LUR. 
The error statistics, calculated with the cross-validation procedure for LUR and by direct model-
measurement comparison for FRAME, suggest that the first approach is better. However, we should keep 
in mind that these two methods of model evaluation are not equivalent, and the evaluation of the FRAME 
model is more demanding than the leave one out CV. As another possible test LUR should be evaluated 
by dividing the measurements on two subsets – one for model specification and the second for evaluation. 
Missing emission sources may be the main reason for the smaller error statistics of the LUR models when 
compared with FRAME. Regression model can response to the gaps in emission inventory by adjusting 
the regression coefficients, while physical ATM models show lower air concentrations resulting in larger 
errors.  
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